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A B S T R A C T 
Since the revolution brought by matrix-assisted laser desorption / ionization 
mass spectrometry (MALDI-MS) for detecting high mass biomolecules, high 
expectations have been raised towards applying the technique to DNA sequencing. 
However, with increasing size of oligonucleotides, the signalsfall offrapidly. This 
imposes strong limitations on the application of MALDI-MS for DNA sequencing. 
The search for new and better matrices which offer “softer” MALDI processes 
leading to cooler analyte ions, is one of the approaches to overcome this problem. 
In an attempt to construct better matrix systems for the analysis of DNA 
molecules, fourteen ammonium salts were tested as co-matrices for the MALDI 
analysis on a number of DNA homopolymers: phosphorylated d(T)s, d(A)4 and d(C)4 
and non-phosphorylated d(G)4, using 2-amino-5-nitropyridine (ANP), 2,5-
dihydroxybenzoic acid (DHB) and 3-hydroxypicolinic acid (HPA) matrices. 
In the present study, both cations and anions of the ammonium salts were 
found to play critical roles in the desorption / ionization of the oligonucleotides under 
typical MALDI conditions. The effects of ammonium salts were found to vary 
significantly depending on the matrix selection. In combination with ANP, almost all 
tested salts imposed enhancements on the MALDI signals of the oligonucleotides. 
However, in DHB and HPA systems, both enhancement and suppression effects were 
found, depending on the nature of the salts added. In comparison with the results 
obtained using the corresponding isomorphous potassium salts as co-matrices, it is 
iv 
postulated that ammonium cation serves to eliminate the alkali metal adducts and 
provide cooling ofthe desorbed oligonucleotide molecules. The latter is particularly 
important in stabilizing the oligonucleotides in the MALDI process. In addition, the 
ammonium salts might influence the solid state interaction between the matrix and 
DNA molecule. Although the effects of ammonium salts were found to vary with 
different matrix/analyte combinations, ammonium fluoride and ammonium hydrogen 
fluoride co-matrices generally provide the most prominent signal enhancements in the 
mass spectrometric analysis ofoligonucleotides. 
The introduction of suitable ammonium co-matrices widens the list of useful 
matricesfor the MALDI-MS analysis of DNA. Examples are the ANP/NH4F and the 
HPA / NH4F systems. The potentials of the two systems were further evaluated using 
a number of DNA heteropolymers and some long chain DNA homopolymers with 
lengths of up to eighteen nucleotides. With the improved matrix materials, it is a 
large step forward in the application of MALDI-MS for DNA sequencing. 
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C H A P T E R O N E 
R E S E A R C H B A C K G R O U N D 
1 . 1 INTRODUCTION 
Mass spectrometry is an analytical method to "weigh" individual molecules 
by transforming them into gas-phase ions under high vacuum conditions and measure 
their behavior under the influence of electric and / or magnetic fields. In 1970's, one of 
the major applications of mass spectrometry was the molecular weight determination of 
organic compounds with masses up to a thousand Daltons. Attempts to extend the 
capability of mass spectrometric methods to analyze high molecular weight 
biomolecules had limited success because of the difficulties associated with the 
transformation of these molecules from the condensed phase into gas-phase ions. 
Thermal induced vaporization of these molecules normally resulted in extensive 
fragmentation. As a result, classical methods of ionization such as electron ionization 
and chemical ionization could not be used. 
In the past two decades, a remarkable array of volatilization and ionization 
techniques have been developed to address this phase transformation problem. 
Methods of ion formation in these techniques include application of high electric field to 
the sample loaded on the surface of an "emitter" (field desorption [l,2]); bombardment 
of the sample in suitable substrate / matrix with energetic atoms or ions (252cf plasma 
desorption [3,4] and secondary ion mass spectrometry [5,6]); spraying the sample 
solution under thermal or high electric field conditions (thermospray ionization [7,8] 
and electrospray ionization [9]); and bombardment of the sample with short duration, 
intense pulses of laser Hght (laser desorption [10] and matrix-assisted laser desorption / 
ionization [11]). Of these techniques, electrospray ionization and matrix-assisted laser 
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desorption / ionization appear to hold the highest potential for the mass spectrometric 
analysis of large biopolyraers. 
1 .2 MATRIX-ASSISTED LASER DESORPTION / IONIZATION 
MASS SPECTROMETRY ( M A L D I ) 
Matrix-assisted laser desorption / ionization (MALDI) was introduced by 
Karas and HiUenkamp in 1988 [11]. It is a "soft" volatilization and ionization technique 
in which analyte molecules are desorbed and ionized by short laser pulses in the 
presence of a large molar excess of photon absorbing organic molecules, i.e. the 
matrix. In combination with time-of-flight mass analyzer, MALDI mass spectrometry 
allows the detection of macromolecules with masses up to several hundred kilo-daltons 
[12]. The sensitivity of this technique is extremely high. Sample sizes in the order of 
femto-molar range have previously been demonstrated [13]. With these remarkable 
features, MALDI has become an extremely important method for the analysis of large 
and fragile molecules, especially those of biological origin. 
1,2,1 Laser desorption methods 
The use of lasers in mass spectrometry can be dated back to the early 1960's 
[14]. Initial efforts have been directed to the search for the optimum wavelength and 
pulse-width of the laser for the generation of intact molecular ions. Through numerous 
studies in the past two decades, criteria for the selection of laser parameters have been 
derived [15]. For efficient and controllable energy transfer to the sample, it is essential 
for the sample molecules to undergo resonant absorption at the wavelength of the laser 
photons. Laser photons at far-UV and far-IR, which excite the electronic and the ro-
vibrational states respectively, normally provide the best results. Second, there must be 
a narrow and weU-defined time range in which transfer of photon energy to the sample 
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occurs. This is to avoid excessive energy transfer and prevent decomposition of the 
thermally labile molecules. Lasers with pulse-widths in the range of 1-100 ns are 
suitable. Typical examples include Q-switched Nd:YAG and short-pulse nitrogen laser. 
There are numerous advantages for ion formation through the action of 
pulsed laser radiation. Fragmentation-free desorption / ionization with pulsed laser 
techniques can be realized for thermally labile, high-mass biomolecules. Laser 
desorption methods also allow sampling of a well-defined microscopic area of the 
sample. This is particularly valuable for the analysis of heterogeneous samples. Time 
required for sample analysis is normally several orders of magnitude less than that 
required by other mass spectrometric methods. These features make it an ideal 
volatilization and ionization technique for producing intact ions from involatile 
molecules. 
To allow effective energy transfer and avoid excessive heating of the buUc 
sample, the sample molecules should have a high absorption coefficient at the laser 
wavelength. In most of the laser desorption experiments using U V lasers, this 
criterium is not met for a large number of important biomolecules. This arose the idea 
of mixing these samples with a good photon absorber - the matrix [16]. 
1.2.2 The matrix 
1.2.2.1 Role of the matrix 
Although the exact use of the matrix is still not fully ascertained, several 
functions have been proposed. The matrix is believed to assist energy transfer from the 
laser photons into the sample molecules in an efficient and a controllable manner; to 
prevent association or aggregation of the analyte molecules that would otherwise inhibit 
the desorption of the sample; to carry analyte molecules into gas phase; to promote 
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"cooling" of the analyte; and to play active roles in the ionization of analyte molecules 
through gas-phase ion / molecule reactions [15,17，18]. 
1.2.2.2 Features of the matrix 
There is no generalization of proper chemical composition for a matrix. 
Based on the physical and chemical properties of existing matrices and the expected 
functions of matrix molecules in MALDI processes, it has been proposed that an 
organic compound should possess the following properties in order to be considered as 
a possible candidate for a useful MALDI matrix [15，17，18]. First, the organic 
molecule should have a reasonably high extinction coefficient at the wavelength of the 
laser for effective energy deposition. Second, it should share at least one common 
solvent system with the analyte of interest. This fulfils the postulation of thorough 
mixing of the matrix and analyte molecules in the solution phase, which is expected to 
be a pre-requisite for co-crystalHzation of the matrix and analyte molecules upon solvent 
evaporation. Third, the organic molecules should have a low sublimation temperature 
and also a reasonable vacuum stability. This facilitates transformation of condensed 
phase materials into the gas-phase molecules. Fourth, the organic molecules should be 
able to induce ionization of the analyte molecules during the phase transformation 
processes. 
Since most of these properties are not available in literatures for most organic 
molecules and many of them are very difficult or even impossible to measure, the 
search for new matrix materials remains empirical and by-and-large trial-and-error. 
This explains the fact that a very limited number of usable matrices have been found so 
far. Table 1.1 lists some examples of the commonly used matrices [19]. 
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Matrix Analytes Laser wavelength 
(nm) 
3-Aminoquinoline Polysaccharides, proteins 337，355 
2-Amino-4-methyl-5-nitropyridine Proteins, oligonucleotides 355 
2-Amino-5-nitropyridine Oligonucleotides 3 5 5 
6-Aza-2-thiothymine Proteins 266，337，2940 
Caffeic acid Proteins, oligonucleotides 337，10600 
(/raw5-3,5-dihydroxycinnamic acid) 
a-Cyano-4-hydroxycinnamic acid Proteins, oligosaccharides 337 
2,5-Dihydroxybenzoic acid Proteins, oligosaccharides, 337,355,2940 
oligonucleotides 
Ferrulic acid Proteins, oligonucleotides 337，355,488 
(^aw5-4-hydroxy-3-methoxy-cinnamic acid) 
Glycerol with rhodamine 6G Proteins 532 
2-(4-Hydroxyphenylazo) benzoic acid Proteins, industrial polymers 266，337 
3-Hydroxypicolinic acid Oligonucleotides, 266，308,337,355 
glycoproteins 
proteins. 
Nicotinic acid Proteins, glycoproteins, 266 
(3-pyridinecarboxylic acid) oligonucleotides 
3-Nitrobenzyl alcohol Proteins 266 
2-Pyrazinecarboxylic acid Proteins 266 
Sinapinic acid Proteins, industrial polymers 337，355 
(/raw5-3,5-dimethoxy-4-hydroxy-cinnamic 
acid) 
Succinic acid Proteins 2940, 10600 
a s = s s = s = s = = s s = = = = = - = = = = = = 
Table 1 • 1. List of common matrices used in MALDI-MS. 
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1,2.3 Mechanisms of ion formation 
MALDI is a soft ionization method which involves sudden energy deposition 
onto a solid sample and production of the intact molecular ions in the gas phase. 
Processes related to the energy redistribution within the solid sample, phase 
transformation and ionization of the analyte molecules are not weU understood. Recent 
experimental results have shown that the ions formed from MALDI process possess an 
abnormally high initial axial velocities of roughly 800 ms"l [20]. This intrinsic 
property was found to be largely independent of the mass of the molecules. This leads 
to a postulation that desorption and ionization are two independent processes. 
1.2.3.1 Desorption process(es) 
Several theories have been proposed to explain the phenomenon of phase 
transformation of the macromolecules from the condensed phase into the gas phase. Li 
the "cool plume model" [21], the photon energy deposited onto the solid matrix is 
converted into heat energy which ultimately leads to dynamic expansion of the 
vaporized materials. Another closely related model involves a rapid development of 
pressure gradient along the depth of the solid sample through the absorption of the 
penetrating laser photons. Upon exceeding a threshold value, this pressure gradient 
ruptures the upper layers of the surface and leads to the ejection of molecules. This 
"pressure pulse model" [22] predicts the existence of a threshold laser fIuence. The 
presence of a threshold laser fluence for ion production has been subjected to numerous 
studies [23, 24]. Generally, the intensities of sample ions (both matrix and analyte 
ions) become undetectable when the laser fluence is reduced to a very low value, 
typically below 10_6 Wcm_2. However, it remains uncertain whether the ion signal is 
diminished to an undetectable range; or a real threshold region of laser fluence is 
reached. In addition, the detail mechanistic aspects of the formation of such pressure 
gradient have not been investigated. "Electronic transition model" [25,26] is an 
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alternative model which involves a completely non-thermal mechanism. The U V 
photon is beHeved to excite the ground-state adsorbate complexes at the sample surface 
to a repulsive antibonding electronic excited-state. The departure of the adsorbate from 
the surface results from the relaxation of this excitation. 
An important aspect of the desorption process(es) under MALDI conditions 
is related to the stability and hence the internal energy of the desorbed molecules. In 
order to account for the production of intact molecular ions from large biomolecules 
such as protein, there must be an effective means for the desorbed macromolecules to 
spare-off the excess internal energy developed during the phase transition. 
Alternatively, the energy deposited onto the solid sample must not be transferred to the 
anaIyte molecules. In the "cool plume model", the phase transition is accompUshed 
with the generation of an expanding plume. Numerous low-energy collisions are 
believed to occur within the expansion. The entrained large molecules are therefore 
stabilized as a consequence of colHsional cooling. On the other hand, Vertes et al. [27] 
argued that there exists an energy mismatch between the guest-host interactions (usually 
hydrogen bonding) and the internal vibrational of the guest molecules. It is proposed 
that this energy mismatch forms a restriction in which the energy transfer from the 
photo-excited matrix molecules to the embedded analyte molecules is by-large inhibited. 
This energy mismatch or energy transfer restriction is referred to a "bottleneck". It is 
predicted that the analyte molecules would be desorbed intemally cold if the rate of 
phase transition could be fast enough. This is consistent with the empirical findings 
that most of the matrix molecules have relatively low sublimation temperatures; and the 
MALDI processes require the use of short-pulse lasers. 
1.2.3.2 Ionization process(es) 
The mechanism of ion production under MALDI conditions remains a subject 
of continuous debate. Thermal ion formations are not likely in the case of large 
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molecules because the high temperature required for ionization would lead to excessive 
decomposition of these molecules. Direct photoionization might also be ruled out since 
MALDI experiments rarely produce radical molecular ions of macromolecules [28，29]. 
It is a general consensus that the most favored channels of ionization are chemical in 
nature, and possibly involve proton transfer or cationization reactions. The number of 
charge on the ionized macromolecules depends critically on the matrix-analyte 
combination but not on the number of acidic or basic groups of the analyte molecules 
[30]. This suggests that more complex interactions of matrix and analyte molecules, 
rather than simple acid-base chemistry, is responsible for ionization. The smaU matrix 
molecules, however, might be ionized through direct photoionization processes. 
Although these models provide important insights into the possible 
mechanisms of ion production under MALDI conditions, none of them explains the 
large differences in efficiency between matrices with similar phase transition 
temperatures and optical characteristics [31]. In addition, the apparently large 
differences in the efficiency of generation of the intact molecular ions from different 
classes of molecules under typical MALDI conditions are not yet fully understood. 
1.3 SEQUENCmG OF D N A 
One of the important goals of MALDI research in the oHgonucleotide area is 
to develop a rapid method for sequencing large D N A molecules [32-34]. Figure 1.1 
displays the structure of the D N A molecules. D N A sequence analysis plays an 
important role in modem biology. By reveaHng the similarities of homologous genes, it 
provides insights into the possible regulation and functions of these genes as well as 
into their evolutionary history. D N A sequencing can provide important information on 



















































































































































































































































correlations would have an enormous impact on the practice of medicine besides on 
biological research. 
Moreover, one of the goals of the Human Genome Project is to sequence the 
entire three billion bases of human D N A in the coming decades [35]. To achieve this 
objective, a collective D N A sequencing effort of unprecedented scale is required. 
Dramatic improvements are also required in sequencing speed and accuracy. While 
several groups have proposed radically new sequencing strategies, MALDI mass 
spectrometry offers a relatively conservative approach, aiming to improve the speed and 
accuracy of the conventional D N A sequencing process, by reading out D N A sequence 
"ladder" using mass spectrometric methods, such as time-of-flight (TOF), rather than 
the conventional gel electrophoretic method [36]. Apart from the speed of a typical 
analysis, MALDI mass spectrometry can also potentially extend the length of D N A 
strands that can be sequenced in a single experiment. 
1.3,1 DNA sequencing procedure 
Current strategies for obtaining D N A sequence information share a 
fundamental, three-step approach [35]. First, a complete nested set of D N A sequence 
related molecules is generated from a D N A clone. All components share a common 
starting point; and each sequence-related molecule differs in length by one base than the 
preceding one. Second, these components are separated in size through a system that 
can resolve them. Third, the base at the unique end of each molecule is characterized. 
When the complete nested set of D N A sequence-related molecules are ordered in size, 
these end bases provide the complete D N A sequence information. 
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1.3.1.1 Generation of the nested set of D N A molecules 
In the standard form of Sanger sequencing process [37] (an approach of 
enzymatic synthesis), D N A sequence-related molecules are synthesized by a D N A 
polymerase, which incorporates deoxynucleotide monomers into a polymeric 
complementary copy of a template D N A strand (the signal strand D N A fragment to be 
sequenced). A small suitable radioactive-labeled D N A primer is used to initiate 
synthesis of the new D N A strand from the template D N A at a single, specific location. 
Four reactions are performed separately, each containing all four deoxynucleotides 
(dATP, dTTP, dGTP, dCTP) and one of the four dideoxynucleotide analogs (i.e, one 
has ddATP, another has ddCTP, and so on). The dideoxynucleotides lack the 3'-
hydroxyl group necessary for the incorporation of the next nucleotide into the chain. 
Whenever a dideoxynucleotide is incorporated at the 3, end of the growing primer 
chain, elongation is selectively stopped. This results in four sets of D N A strands, each 
terminated at a specific D N A base: adenine (A), guanine (G), cytosine (C) and thymine 
(T). The relative lengths of the molecules represent their relative positions along the 
overall copy of the respective bases. 
1.3.1.2 Sequence analysis 
Currently, these four termination fragment sets are ordered in size using gel 
electrophoresis in four separate lanes. This produces a sequence "ladder" from which 
the sequence can be read directly and simply by associating each successively longer 
D N A strand with the terminating base corresponding to the lane in which the strand was 
detected. In modem automated sequencers, the strands terminating in a specific base 
are each labeled by different colored fluorescent dyes and analyzed in a single 
electrophoresis lane with laser-induced fluorescence readout of the different molecules 
as they pass the detector near the end of the gel. Despite significant improvements in 
the technology of electrophoresis in recent years, it remains a technique with a time 
11 
scale in the order of hours [38]. In addition, the low resolution and the lack of absolute 
mass calibration also increases the uncertainty of the sequence information obtained. 
Matrix-assisted laser desorption / ionization time-of-flight mass spectrometry 
(MALDI-TOF-MS ) is conceptually a similar method of ordering such sequence 
ladders but with a potential of improving the speed of analysis. In recent years, much 
effort has been devoted in extending the capability of MALDI-TOF-MS for the analysis 
of D N A mixtures. 
7.3.2 MALDI-TOF-MS as a DNA sequencing tool 
Figure 1.2 illustrates a proposed D N A sequencing procedure using MALDI-
TOF-MS as the sequence analyzer. The most obvious advantage of MALDI-TOF-MS, 
as compared to electrophoresis, is the high speed of analysis. For the current 
automated electrophoresis-based sequencers, the sequencing speed is roughly 10^ bases 
per day. In a typical MALDI experiment, a multi-shot spectrum can, in principle, be 
obtained in a few seconds. It is therefore reasonable to assume a cycle time of less than 
ten seconds to read out a complete sequence set. If read lengths are in the order of 400 
bases per spectrum, then a throughput of 100,000 bases per hour, or 10^ bases per 
day, becomes possible. If the mass range achieved with proteins is attainable with 
DNA，then a read length of -1000 bases per spectrum would be possible [39]. 
Another advantage of mass-spectrometric sequence readout is the potential of 
minimizing the rate of occurrence of errors during the sequencing processes. Errors 
arise because of the fact that the enzymatic reactions used to grow the copies of the 
template D N A are not uniformly efficient. Certain fragments are generated less 
efficiently than others; in particular, termination with the same base at two adjacent sites 
may often result in reduced abundance of the heavier fragment. If the low-abundance 
fragment is not detected, its absence may not be noted in electrophoresis due to the lack 
of an absolute size against distance scale. Even if the absence of a fragment is noted, it 
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Figure 1.2. Proposed D N A sequencing procedure using MALDI-TOF-MS. 13 
is often not possible to identify in which of the four base sets (A, G, T or C) the 
missing peak would have been placed. When such errors arise, multiple runs are 
needed to resolve ambiguities, and if errors are systematic rather than random they may 
remain undiscovered. In contrast, the mass scale of TOF mass spectrometry is 
absolute. Missing peaks can be flagged unambiguously so that no undetected errors are 
possible. Even better, the mass determination capabilities of the mass spectrometer in 
many cases will allow a determination of which base corresponds to the missing peak. 
It is easy to distinguish D N A bases on the mass spectrum because of the large 
differences between their unique masses (as shown in Figure 1.1) [39]. 
Though MALDI-TOF-MS will replace only one of the steps in a rather 
complex process, nevertheless, it is important to pursue such technology because the 
full impact of the Human Genome Project will not be realized unless a capability exists 
to very rapidly and inexpensively resequence selected regions of D N A in humans and 
other organisms, to search for genes for hereditary diseases and other aspects of human 
variation, to compare human D N A with that of other organisms to study evolutionary 
divergence, and to investigate the effects of toxins and radiation on DNA. 
1,3.3 MALDI analysis of oligonucleotides 
Even though oligonucleotides resemble protein-type molecules in terms of 
their thermal stabilities and vapor pressures, direct application of the MALDI conditions 
for protein molecules to the analysis of oligonucleotides has not been successful. Only 
mass spectra of oligonucleotides ranging in length between 2 and 6 nucleotides were 
reported in early studies [40]. The mass resolution was particularly poor due to the 
formation of multiple aBcaH ion adducts. To improve the mass resolution and hence the 
mass accuracy, several research groups have developed some sample pretreatment 
methods. With the use of ammonium-loaded ion-exchange beads [41] or high 
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concentration of ammonium salts of organic acids [42-44], aUcaH ion adduction has, to 
large extent, been suppressed. 
Regarding the inefficient desorption / ionization of larger oligonucleotides, 
much effort has been devoted to the screening of organic molecules with the hope of 
finding better matrix materials. W u et al. [45, 46] reported the discovery of 3-
hydropicolinic acid (HPA), which yields improved spectra for oligonucleotides as 
compared to typical protein matrices such as 2,5-dihydroxybenzoic acid (DHB) [47， 
48]. Mass spectra of intact oligonucleotides with 150 bases were reported [49]. 
Fitzgerald et al. [50] investigated a series of basic organic compounds as matrices for 
proteins and oligonucleotides. 2-Amino-5-nitropyridine (ANP) was shown to be 
particularly useful for the analysis of mixed-base oligonucleotides and homopolymers 
of thymine. More recently, picolinic acid (PA) used at a laser wavelength of 266 nm, 
has shown to be useful for detection of certain D N A homopolymers up to 60 bases and 
heteropolymers up to 190 bases [51]. 
Although the use of MALDI method to study oligonucleotides up to 190-mer 
has been demonstrated, considerable improvement of the method is needed before the 
technique can be useful for routine study. Several research groups have attempted to 
address the cause for such mass limitation. In order to reduce the complexity of the 
system, they have studied series of homopolymeric oligonucleotides [52, 53]. While 
most research groups have detected oligothymidylic acids, attempts to detect the 
homooligomeric deoxynucleotides of cytosine (C), adenine (A) and guanine (G) have 
not met with the same success. Spectra of thymidine homopolymer with up to 100 
nucleotide units have been reported. For other homopolymers, only a few mass spectra 
with weak signal intensities have been pubHshed. 
In systematic studies, Parr et al. [52] and Nordhoff et al. [41] have indicated 
that the base-composition of the oligonucleotide has a significant influence upon the 
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desorption and ionization of oligonucleotides. Schneider and Chait [53, 54，55] have 
investigated the physical basis for the observed influence of base composition on the 
mass spectrometric response. By comparing the mass spectrometric responses of 
d(uridine), d(inosine), d(cytidine), d(thymidine) d(adenosine) and d(guanosine), itwas 
proposed that the exocyclic amino group of guanosine, adenosine and cytidine has a 
strong inhibitory effect on the mass spectrometric response. The authors attributed the 
inhibition effect to a stronger tendency of fragmentation. Parr et al. [52] have studied 
oligonucleotides containing multiple d(thymidine) and d(guanosine) and demonstrated 
that fragmentation of the phosphodiester backbone occurs preferentially adjacent to the 
deoxyguanines. In an attempt to understand the role of protonation in the exocyclic 
amino group of bases, Fitzgerald et al. [50] have analyzed oligonucleotides under basic 
conditions. With the use of basic matrices, the MALDI analysis of D N A fragments is 
still limited to small oligonucleotides with less than 20 nucleotides and larger 
homopolymers of thymidine. This implies that the protonation or deprotonation of the 
exocyclic amino groups of guanine, adenine and cytosine has little influence on the 
mass spectrometric response. 
Although the above studies reflect significant progress on the understanding 
of the factors inhibiting the analysis of larger oligonucleotides (i.e. 50 to 300 
nucleotides), further improvement is needed before MALDI mass spectrometry can 
begin to have an impact on D N A sequencing, and particularly the Human Genome 
Project. 
1 .4 OUTLD^ OF THE PRESENT WORK 
Since further progress of MALDI mass spectrometry in the area of D N A 
analysis seems to hinge on the effectiveness of a matrix, efforts have been directed in 
searching for or constructing better matrix systems. With the belief that the use of a 
suitable kind of co-matrix can bring improvements to the MALDI analysis of 
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oligonucleotides, the main objective of the present work is to study the effects of 
ammonium salts as co-matrices on the MALDI analysis of oligonucleotides. While 
Chapter one gives an introduction of MALDI mass spectrometry and the research 
background, Chapter two is an overview of the instrumentation' and experimental 
methods. In Chapter three, results concerning the effects of fourteen ammonium salts 
as co-matrices for the analysis of different D N A homopolymers using 2-amino-5-
nitropyridine (ANP), 2,5-dihydroxybenzoic acid (DHB) and 3-hydroxypicolinic acid 
(HPA) matrices are presented. The role of the counter ions of the ammonium salts and 
their matrix dependent effects on the MALDI of D N A are discussed. Chapter four deals 
with the MALDI analysis using isomorphous potassium salts as co-matrices to gain 
more insights into the role of ammonium cations in the MALDI process. Chapter five 
highlights the MALDI analysis of larger homopolymeric and the mixed-base 
oligonucleotides with some of the promising matrix systems found. Chapter six is a 
concluding remark of the present work. 
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C H A P T E R T W O 
INSTRUMENTATION A N D E X P E R I M E N T A L 
2 . 1 TlME-OF-FLIGHT MASS SPECTROMETRY ( T O F - M S ) 
MALDI analysis oflarge molecules has been obtained mainly in combination 
with TOF instruments. The concept of separating ions with different mass-to-charge 
ratio by their respective time-of-flight (TOF) was originally proposed in 1948 [56]. 
This technique is based on the electrostatic acceleration of generated ions to a defined 
kinetic energy and the subsequent detection of the accelerated ion after being aUowed to 
travel a fixed distance. 
In comparison with the commonly used magnetic sector and quadmpole 
mass analyzers, there are several advantages of time-of-flight mass analyzers. First, a 
complete mass spectrum can be obtained in fractions of a second. Second, no upper 
mass limit exists for TOF analyzers. The practical upper mass limit is dictated by the 
ionization process and by detector efficiency. Third, the ionization volume, the volume 
from which ions can be extracted without loss of resolution, could exceed, by several 
orders of magnitude, the one for static magnetic devices. Fourth, all ions accelerated 
out of the ion source of the TOF instrument will reach the detector, giving rise to aknost 
a hundred percent collection efficiency. Fifth, the instrument is simple in design and is 
inexpensive. Sixth, the instrument is simple to operate. 
2.7.2 Linear time-of-flight mass spectrometry 
In a TOF instrument, mass analysis is carried out on the basis of direct 
measurement of the ion's time-of-flight through the field free tube. In a short source 
region (d), ions are formed in the presence of an electric field (E) that accelerates the 
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ions into a longer, field-free drift region (D). IdeaUy, all ions enter the drift region with 
the same kinetic energy (KE) [57], 
KE = zeEd ⑴ 
where e is an unit electronic charge and z is the number of charges. Different ions wiU 
then have their own final velocities depending on their masses (m). 
v = (2zeEd/m)l/2 (2) 
The time (t) required to traverse the drift region of each ion mass is used to establish the 
mass scale 
t=[m/(2zeEd)]l/2D (3) 
so that the time spectrum can be converted directly to a mass spectrum 
m/z = 2eEd(t/D)2 ⑷ 
To obtain timing information, the time of ion formation (or extraction) must 
be known. The pulsed nature of the laser makes it an ideal source for TOF mass 
spectrometry. Besides desorbing ions from the sample stage, a portion of the laser 
beam is directed to a high-speed optical sensor (photodiode) to trigger a signal for 
starting the data acquisition. After passing through the flight tube, the ions strike an 
electron multiplier located at the end of the field-free region to give an ion signal. The 
difference between the start time, which is common to all ions, and the arrival time of 
an individual ion at the detector is the time of flight of an ion. The simplest TOF-MS 
where ions move in a straight line through the flight tube to the detector is termed as 
linear TOF instrument (Figure 2.1) [58]. 
The resolution of linear TOF instrument is Umited due to several practical and 
technical reasons including delayed ion formation, space charge effects and energy 
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analyzer, an ion mirror or reflectron developed by Mamyrin and co-workers [59] could 
be added to the linear instrument. 
2,1,2 Reflectron time-of-flight mass spectrometry 
The reflectron, which is located at the end of the flight tube, consists of a 
series of rings and / or grids with voltages that increase up to a value slightly greater 
than the voltage at the ion source. The ions penetrate the retarding field of the reflectron 
until they reach zero energy, tum around, and are re-accelerated back through the 
reflectron, exiting with energies identical to their incoming energies but with velocities 
in the opposite direction. Ions possessing larger energies will penetrate the reflectron 
deeper and will have longer flight paths, arriving at the detector at about the same time 
as the less energetic ions with the same mass-to-charge ratio. This results in a 
significant improvement in the resolving power of the TOF instrument 
With a single uniform reflecting field (single stage gridded reflector), only 
first-order time focusing of the energy spread of ions can be accomplished. To obtain 
higher-order focusing, which is necessary for ions of large energy spread, an additional 
independent parameter is needed, whose variation enables the second derivative of the 
flight-times to be zero with respect to the energy. This can be achieved in a double 
reflecting field design (dual stage reflector). In the dual stage reflector, ions are 
retarded in the first stage of the reflector and reflected and focused in the second stage 
[60]. 
In the Mamyrin dual stage reflectron device, ions pass through an entrance 
grid (usuaUy set at the potential of the flight tube) are retarded to about one third of their 
initial kinetic energies by the time that they pass through the second grid, located at 
about 10% of the total reflectron depth. The ions are further retarded to zero velocities 
and are reflected back in the second longer stage, which is terminated by a plate (or a 
grid when a detector is located behind the reflectron for detection in linear mode). The 
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potential of this terminating plate / grid is slightly above that of the ion source [61]. 
Figure 2.2 shows the schematic diagram of a dual stage reflectron time-of-flight mass 
spectrometer [58]. 
2,1,3 Ion detection 
To be detected, the high mass ions produced by MALDI must be converted 
into electrons at a conversion electrode. These electrons are then used to start the 
electron multipUcation cascade in a detector Uke an electron multiplier. The most usual 
types of electron multipliers consist of series of beryllium-copper dynodes electrically 
connected through a resistive network. Secondary electrons are produced when the ion 
beam strikes the first dynode and these electrons are accelerated towards the second 
dynode where further electrons are emitted. This process continues down each stage of 
the multiplier and the final output current is converted into a voltage suitable for further 
amplification and recording [15, 57]. 
2.1,4 Vacuum system 
Like aU mass spectrometers, all components of the instrument are required to 
maintain at low pressures (<10_6 Torr) except the signal processor and readout. High 
vacuum in the analyzer and source housing regions minimizes the possibility of 
unwanted ion-molecule collisions. Too high a pressure in the analyzer can have a 
number of other undesired consequences, e.g. loss of sensitivity, loss of resolution and 
a shortening of electron multipUer lifetime. 
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Figure 2.2. (a) Schematic diagram of a Reflectron mass spectrometer and 
(b) Variation of potentials within the reflector. 
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2 • 2 INSTRUMENTATION 
The mass spectrometer system used for the present study is Bruker-Biflex 
TOF mass spectrometer (Franzen, Germany) (Figure 2,3). This instrument consists of 
four different parts: a laser system, an ion source, a refIectron time-of-flight mass 
analyzer and two detectors. Figure 2.4 exhibits a schematic diagram of the complete 
system. 
2,2,1 The laser system 
The laser system provides a pulsed beam of intense laser photon at a defined 
wavelength and intensity on the sample target. In the Biflex TOF mass spectrometer, 
the laser system consists of a pulsed U V N2 laser (Laser Science Inc., Newton, M A , 
USA, model VSL-337i) emitting at 337 nm with a pulse width of 3 ns. A gradient 
neutral density filter is used to allow fine adjustment of the laser intensity. A 5% beam 
splitter to direct fractions of the laser light onto a photodiode for triggering data 
acquisition and measuring the laser beam intensity. A lens system consists of a U V 
lens (f=500 nm), two pin-hole iris, and a U V mirror is used to focus the laser beam and 
to direct it onto the sample stage inside the ion source. 
2,2,2 Ion source and vacuum system 
The instrument is evacuated to a basic pressure of 10_6 to 10_7 Torr by means 
of a 250 L7min turbo molecular pump (Balzer, Germany) and backed by a rotary pump. 
The instrument is vacuum protected and the turbo pump, high voltages, etc., would be 
shut down in the event of vacuum failure. Pressure inside the instrument is monitored 

































































































































































































































































































































The source region can be isolated from the probe airlock by a gate valve 
(VAT, Germany). The source region forms as an integrated part of the rest of the mass 
spectrometer in which no further gate valve is present to isolate the source region. After 
insertion of the probe, the airlock will be evaluated to backing pressure prior to opening 
of the gate valve. The probe consists of a insulator rod (PEEK) attached to the end of a 
stainless steel cylinder and is slided in and out of the source region by means of a pair 
of guided rods. Correct positioning of the probe in the source region is ensured by 
means of a pair of mechanical stoppers on the guide rods and a probe holding electrode 
plate attached to the source chamber end-flange. The accelerating potential is supplied 
by means of a ±30 kV power supply via feedthroughs into the source region and to the 
probe holder plate. A spring contact is used to make electrical contact to the sample 
plate. The sample plate is made of ferric stainless steel and is held onto the probe head 
using a smaU magnet located on the front surface of the probe head. 
Ions generated by MALDI are accelerated towards the grided counter 
electrode and focused by a Einzel lens system. A pair of X-deflection plates and Y-
deflection plates are positioned after the Einzel lens for steering of the accelerated ions. 
A short pulse of differential potentials (typically 1 kV) can also be programmed and 
applied onto the X-defIector plates to eliminate the low mass ions and to ensure good 
sensitivity of the detector for high mass ions. 
2,2.3 Flight tube and reflector 
The accelerated ions are allowed to fly through a field-free region of ~1 m 
before entering a reflector mirror. The reflector mirror is a dual stage gridless reflector 
system, which is capable of second-order focusing. The gridless design provides a 
high ion transmission and affords better resolution. An increase in ion transmission (or 
sensitivity) arises from the absence of beam deflecting grids. The reflector axis is 
^ 
27 
inclined with respect to the axis of the ion beam to reflect the ion packets generated 
inside the ion source onto an off-axis electron raultipHer. 
2.2,4 The detector 
In the Biflex system, a multichannel plate (MCP) and an active-film electron 
multiplier (ETP, Model AF820) are employed as the linear and reflector detectors 
respectively. The first dynode of the active film electron multiplier emitted electrons 
after the bombardment of energetic ions. The electron flux is multiplied by accelerating 
and guiding the electrons onto the successive stages of dynode plates. A multiplication 
gain of >107 can be achieved at an electron multiplier potential of 2.1 kV. In all 
experiments, an electron multiplier potential of 1.6 kV was used. The use of higher 
potential yielded higher sensitivity. A multiplier potential of > 1.8 kV tends to cause 
the multiplier to overreact; and caused signal saturation under some unfavourable 
MALDI experiments. 
2 . 2 . 5 Data acquisition and computer control 
Central to the data acquisition and computer control system is a 
microprocessor interfaced to an OS9 computer via a VME-bus. The 0S9 computer is， 
in tum, controlled by the user through a SUN workstation (SPARC 20) via ethemet. 
Settings for firing of laser, high voltages, sample target positions and the position of the 
gradient neutral density filter (i.e. the laser fluence) are all computer-controlled by the 
software XMASS. 
Data acquisition is initiated by firing a laser pulse. A small portion of the 
laser photons is directed to a photodiode which in tum triggers a start signal for the 
transient digitizer (250 MHz, LeCroy, US). Signals from the detector are pre-
amplified, digitized and recorded by the digitizer. The digitized signals are then 
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transferred to the SUN workstation for display and processing. The SUN workstation 
serves as a user-friendly terminal for instrument control, data acquisition and also as a 
powerful data processing device. 
2.3 EXPERIMENTAL 
2.3.1 Sample preparation 
The preparation of samples for MALDI analysis is simple and fast. Depending 
on the solubility, matrix compounds are dissolved in water，water / ethanol or water / 
acetonitrile mixtures to the required concentration (normally 100 to 50000 times of the 
analyte concentration). 0.1 to 1 % trifIuoroacetic acid is added in sometimes. Suitable 
amount of the analyte solution (quantity depends on sample, but normally at sub-
picomolar region) is mixed with the matrix. An aliquot of 0.1- 1 ^il is applied to the 
sample probe and dried at room temperature. The sample is then ready to be loaded into 
the mass spectrometer for analysis. 
To handle the samples in very small quantities, apparatus in micro-scale size 
were used. Micropipettes fitted with disposable tips were employed to deliver samples 
in volume of 0.5 ^ iL to 1 mL. For the preparation of sample solutions, small PVC 
sample vials with full capacity of 1 ml were used. A microcentrifuge was used to setde 
the undissolved solid in the sample vials. A thermostatic sample mixer was used to 
promote better mixing of the matrix and analyte solutions. 
In all experiments, the samples of DNA, matrix and ammonium salts were 
obtained commercially and used without further purification. For the oligonucleotides 
and the ammonium salts, the solvent used was ultra-pure water (18 MQ), while for the 
organic matrices, they were dissolved in a solvent of acetonitrile and water (2:3) with 1 
% trifIuoroacetic acid to yield saturated solutions. Schematic diagrams showing the 
29 
sample preparation procedure are given in Figure 2.5. Detail descriptions of the 
preparation are cited in latter chapters. 
2.3.2. Mass spectrometric analysis 
In all experiments, mass spectra were acquired in the negative-ion mode with 
an acceleration potential of -19kV and the reflector potential of -20kV. Laser fluence 
was carefully adjusted using a gradient neutral density filter to obtain the maximum 
molecular ion signals. All spectra were the sum of 10 laser shots from a single position 
to reduce the effects of signal fluctuations and to improve signal-to-ratios. Typically, 
several positions (>5) from an individual sample were chosen for analysis. Results 
quoted in this thesis represent the general trends observed. Calibration was achieved 












































































































































































































C H A P T E R T H R E E 
USE OF A M M O N I U M SALTS AS CO-MATRICES 
3.1 INTRODUCTION 
Since the search for better matrices is "trial and error" experimentation, some 
efforts have also been devoted to improving the efficiency of weU established matrices 
through the introduction of co-matrices or the use of mixture of matrices. Tang et al. 
[62] have reported the use of a mixture of 3-methylsalicylic acid and 3-hydroxy-4-
methoxybenzaldehyde as a matrix to obtain mass spectra of mixtures of 
oligonucleotides up to 34-nucleotides in length. WaUcer et al. [63] reported a dramatic 
increase in signal intensity with oligonucleotides by adding indole-l-acetyl leucine to 
the HPA matrix. More recently, Chen and co-workers [64] have demonstrated the use 
of a mixture of HPA and PA as matrix to study oligonucleotides as large as 500-mer. 
With regard to the problem that oligonucleotides have high tendency to form 
cation adducts, giving rise to multiple peaks or broad signals, Nordhoff et al. [41] 
discovered the application of cation exchange resins in NH4+ form reduces the amount 
of complexed aUcali metal ions. With a similar idea, Pieles et al. [42] found that the use 
of diammonium hydrogen citrate or triammonium tartrate in combination with 2,4,6-
trihydroxyacetophenone (2,4,6-THAP) has greatly improved both the resolution and 
intensity of mass spectra of oligonucleotides. Currie et al. [43] performed mass 
spectrometry on a series of oligonucleotides by adding some ammonium salts to the 3-
hydroxyl-4-methoxybenzaldehyde and 2,5-dihydoxybenzoic acid (DHB) matrices, and 
succeeded in detecting negative mixed-base oligomer ions of 60 bases, 
[dGCAT(GCAT)13GCAT] with the combination of DHB and ammonium acetate. Zhu 
et al. [44] reported that a mixture of 2,4,6-THAP and 2,3,4-THAP and ammonium 
citrate with molar ratio of 2:1:1 serves as a good matrix for the detection of DNA. It is 
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suggested that the effect of the ammonium ions may extend beyond simple displacement 
of residual metal cations. 
The use of ammonium co-matrices has previously been rather confmed to the 
salts of organic acid such as acetate [43], tartrate [42] and citrate [42,44]. In the present 
investigation, attempts were made to extend the use of ammonium co-matrices to the 
salts ofvarious inorganic acids, such as fluoride, hydrogen fluoride, chloride, bromide, 
iodide, nitrate, sulphate, phosphate, carbonate and dichromate. This would provide a 
more comprehensive picture of the effect of ammonium salts on the analysis of 
oligonucleotides. Salts of organic acids, the acetate, tartrate, citrate and the hydrogen 
citrate, have also been studied. 
It is well known that the selection of matrix plays a very critical role in the 
successful desorption and ionization of the intact analyte molecules in MALDI 
experiments. Dramatic differences in the MALDI spectra are produced, in terms of 
signal intensity, resolution, peak shape, when different matrices are used for the 
analysis of the same analyte. In the present study, matrix dependence of the effects of 
the ammonium salts was also investigated. Some of the few organic compounds that 
can produce rather strong intact ions of oligonucleotides were employed as the matrices. 
These compounds include ANP, DHB and HPA. ANP was shown to be effective for 
^ the detection of small mixed-base oligonucleotides and homopolymers of thymidine. 
DHB，which is a well known matrix material for the analysis of proteins, was 
successfully used to analyze certain small homopolymeric and large mixed-base 
oligonucleotides. HPA is one of the best matrices applicable to the detection of DNA. 
Figure 3.1 shows the structure ofthe three matrices. 
It has been found that MALDI mass spectra of oligonucleotides exhibit a 
large degree of sensitivities depending on matrix materials and base composition of the 
analytes. Parr et aL [52] obtained good quality spectra of the oligodeoxythymidylic 
acid d(T)io but much weaker signals for d(C)io using DHB matrix. Under similar 
experimental conditions, neither d(A)io nor d(G)io gave molecular ion signals. 
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Figure 3.1. Structures of(a) 2-amino-5-nitropyridine (ANP), (b) 2,5-dihydroxybenzoic acid (DHB) 
and (c) 3-hydroxypicolinic acid (HPA). 
34 
• 
Schneider et al. reported similar variability in sensitivity using other matrices [53-55]. 
In an attempt to reduce the complexity of the system and to aUow fair comparison of the 
effects of different ammonium salts, small homopolymeric oligonucleotides were used 
I 
as analytes. Oligomeric deoxynucleotides of the phosphorylated d(A)4, d(C)4 and non-
phosphorylated d(G)4 were chosen. Under typical MALDI conditions, these small 
oligonucleotides would exhibit at least a detectable molecular ions without the addition 
of any ammonium co-matrices. For poly-thymidine, analysis of the phosphorylated 
tetramer yielded saturated signals using the selected matrices. An octamer, pd(T)g, was 
therefore used. 
3.2 EXPERIMENTAL 
Saturated matrix solutions of ANP (Fluka, Buchs, Switzerland), DHB and 
HPA (Aldrich Milwaukee, Wisconsin, USA) were prepared by dissolving excess 
amount of matrix materials in acetonitrile / water (2:3) with 1% trifIuoroacetic acid. 
Excess matrix material was settled using a microcentrigue. Solutions of ammonium 
salts were prepared in ultra-pure water (18 M Q ) to give a concentration of 200 
nmoy^L. Equal volumes of matrix solution and the ammonium salt solutions were 
mixed. The single-stranded D N A homopolymers in phosphorylated form, pd(T)g, 
pd(A)4 and pd(C)4 (Sigma Chemical St Louis, M O , USA) and non-phosphorylated 
form, d(G)4 (Biosynthesis Inc. Lewisville, TX, USA) were dissolved in ultra-pure 
water to a concentration of 20 pmoiypL. Appropriate volumes of matrix and 
oligonucleotide solutions were mixed to give an overall concentration ratios of 5000 : 1 
(ammomium salt to oligonucleotide). One microlitre of the resulting solution was 
applied onto the sample plate. Ten pmol of oligonucleotides were typically loaded in 
each sample. Eight samples could be loaded in a single experiment. Samples were 
dried under ambient conditions before loading into the mass spectrometer. It is 
important to note that all matrix solutions were freshly prepared prior to every 
measurement. 
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3.3 RESULTS AND DISCUSSION 
Table 3.1 shows a summary of the typical signal intensities of the 
deprotonated molecular ions of four different D N A homopolymers (pd(T)g, pd(C)4, 
pd(A)4 and d(G)4) obtained under MALDI conditions using different matrices (ANP, 
D H B and HPA) and co-matrices (14 ammonium salts). Since MALDI signals are 
known to vary dramatically from different sampling positions within a given sample, 
special cautions have been taken to summarize the MALDI results obtained. The data 
shown in the table were obtained as the most representative signals among the "sweet 
spots" over five individual trials. The saturated signal intensity of a mass spectrum is 
2200 arbitrary units. 
3,3,1 Effects of counter-anions 
As shown in Table 3.1，signal intensities of the intact oligonucleotide 
molecular ions, using a particular matrix, vary drastically when different ammonium 
salts were used. For example, for the analysis of d(G)4 in HPA, an absolute signal of 
110 a.i. was normally obtained without the use of any ammonium salts. When NH4F 
and NH4-HF2 were used as co-matrices respectively, an almost saturated signal (~ 2000 
a.i.) was produced. When other ammonium halides were used, the corresponding 
molecular ion signals were reduced to lower level, i.e. 500-900 a.i.. The use of salts of 
organic acids yields a similar range of intensities, from 700 to 1100 a.i.. Addition of 
some other ammonium salts, such as NH4NO3 or (NH4)2HPO4 yielded similar 
spectra to the case where no salts was applied while the use of (NH4)HCO3 strongly 
suppressed the molecular ion signals. Absolute signals of less than 50 were typical. 
Figure 3.2 shows the mass spectra illustrating the anion dependent signal variation. It is 
therefore clearly shown that the counter anions of the ammonium salts play critical roles 
in affecting the desorption / ionization behaviour of the oligonucleotides. Although the 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































protons on the oligonucleotide molecules, the signal intensities for the molecular ions 
might be suppressed if ammonium salts with inappropriate counter-anions are selected. 
Since there are numerous parameters affecting the desorption / ionization 
behaviour of the oligonucleotide, a clear trend of the enhancement or suppression 
effects of ammonium salts is difficult to obtain. It is, however, noticed that ammonium 
fluoride led to signal enhancement for the intact oUgonucleotide molecular ions in all the 
analyte-matrix combinations studied. The only exception was the analysis ofpd(T)g 
using D H B matrix in which slight signal suppression was observed. In comparison 
with those ammonium salts, such as diammonium hydrogen citrate and diammonium 
tartrate which have been reported as effective co-matrices for oligonucleotides analysis, 
ammonium fluoride is a much better co-matrix used in combination with ANP or HPA 
matrix. The signal enhancement induced by the presence of ammonium fluorides is 
usually much more dramatic. For instance, strong signals were observed in the mass 
spectra of pd(A)4 (using ANP matrix), pd(T)g (using HPA matrix), pd(C)4 (using 
either ANP or HPA matrix), and d(G)4 (using either ANP or HPA, and also the DHB 
matrix) (Table 3.1). 
Some of the ammonium salts showed consistent deleterious effects for all 
oHgonucleotides studied using different matrices. For instance, ammonium hydrogen 
carbonate imposed strong suppression effect on the molecular ion signals of almost all 
the homopolymers studied in the DHB and HPA matrices, while ammonium dichromate 
fuUy suppressed the analyte signals in aU the matrix systems studied. 
It is generally believed that ion formation in MALDI experiments involves 
proton transfer reactions from the desorbed oligonucleotide molecules to the matrix or 
co-matrix derived molecules. It is therefore reasonable to postulate that ammonium 
salts with counter anions of high proton affinities tend to be better co-matrices. A 
comparison of the efficiencies of various ammonium halides as co-matrices for 
oligonucleotide analysis shows consistent results with this postulation. Among the 
ammonium halides, fluoride (PA = 1553 kJmol"l) [65] exhibited the most prominent 
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enhancement whereas the chloride (PA = 1393 kJmoH)，bromide(PA = 1351 kJmoH), 
iodide (PA = 1314 kJmoH) showed much lower enhancements. The trend of the 
signal enhancement is consistent to that of the proton affmity of haHdes. 
NH4*HF2 was found to give similar enhancement effect as NH4F. Since the 
main difference between NH4-HF2 and NH4F is that NH4.HF2 is more acidic than 
NH4F. The pH of 0.2 M of NH4-HF2 and NH4F are 2 and 7 respectively. The pH 
effect is therefore ruled out as a limiting factor in the M A L D I analysis of 
oHgonucleotides. 
3,3,2 Effects of matrix materials 
The effects of the ammonium co-matrices were found to be highly matrix 
dependent. In the analysis of pd(A)4, the presence of NH4Br enhanced the intact 
molecular ion signal under ANP matrix. In contrast to this observation, significant 
signal suppression was found when D H B or HPA was used as the matrix (Figure 3.3). 
Other ammonium salts, such as those of C1", I", NOs", P04^-, COs^" and OAc", showed 
enhancement effects in the ANP and DHB matrices but suppression effects in the HPA 
matrix. Figure 3.4 illustrates the matrix dependent effect using NH4OAc as an 
example. For the analysis of other homopolymers, different trends were observed. 
It is worthwhile to mention that when ANP was used as the matrix, almost 
aU the tested salts imposed significant enhancement effects on the analysis of the 
oligonucleotides. Without the addition of ammonium salts, the analysis of pd(A)4 and 
pd(C)4 yielded no intact deprotonated molecular ion [M-H]_ signals. Very weak signals 
were produced for the pd(T)g and d(G)4. However, when these oligomers were 
analyzed in the presence of ammonium salts, a dramatic improvement in signal 














































































































































































































































































































































































































































































































































































































































































































especially noticeable for the pd(A)4 and pd(C)4 samples since the deprotonated 
molecular ions signals were only observed in the presence of the ammonium salts. 
When the analysis was carried out using D H B or HPA matrix, some of the 
ammonium salts co-matrices provided enhancement effects while some of them 
produced suppression of the MALDI signals. In DHB matrix, salts that were found to 
give enhancement are NH4NO3, (NH4)2HPO4, (NH4)2SO4. In the HPA system, 
NH4F and NH4F-HF2 were the only co-matrices that can lead to enhancement for the 
analysis of aU analytes. 
3.4 CONCLUSIONS 
Through these analyses, the variation of the effects of ammonium salts in 
different matrix systems is clearly observed. As a co-matrix, the anion of the 
ammonium salt plays a critical role in affecting tiie MALDI signal. Though no specific 
trend for these effects has been found, it was observed that NH4F or NEU.HF2 
generally gives the best results, while (NH4)2Cr2O7 causes disappearance of the 
MALDI signal of the analyte. It was proposed that proton affinity is one of the factors 
governing the influence of ammonium salts in the MALDI analysis of DNA, i.e. salts 
with higher proton affmity anions might make better co-matrices. 
The effect of ammonium salts as co-matrix was found to be highly matrix 
dependent. In ANP matrix, almost aU kinds of ammonium salts (except the highly 
oxidizing dichromate) impose significant enhancements for the analysis of 
oUgonucleotides. The situation becomes less predictable for DHB and HPA matrices, 
as some of the ammonium salts produced enhancement effects while some of them 
exhibited suppression effects. Since the effects of ammonium salts in the MALDI 
analysis of oligonucleotides were found to vary in different matrices, it is therefore 
beUeved that a more complex mechanism of ion formation including interactions of 
matrix, co-matrix and analyte molecules is involved. 
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C H A P T E R F O U R 
USE O F POTASSIUM SALTS AS CO-MATRICES 
4.1 INTRODUCTION 
In order to gain further insight into the role of ammonium cation in the 
MALDI analysis of oligonucleotides, ammonium halides used in previous studies were 
substituted by the corresponding potassium halides. Potassium halides were chosen as 
the reference materials because of their resemblance in size and crystal morphology to 
the corresponding ammonium salts, i.e. isomorphous. The results obtained were then 
compared to those from the study of ammonium halides. 
4 .2 EXPERIMENTAL 
Efforts have been made to maintain similar experimental conditions, such as 
sample preparation methods and instrumental parameters. In all cases, potassium 
halides were prepared in ultra-pure water to give concentrations of 200 nmoy^L. 
Mixing procedures of the potassium halide solutions with the matrix and analyte 
solutions were identical to that of ammonium halide solutions. Final analyte-to-halide 
ratios of 1 to 5000 were used. 
4.3 RESULTS AND DISCUSSION 
Figures 4.1 to 4.4 show typical MALDI mass spectra of the four different 
D N A homopolymers: pd(T)g, pd(A)4, pd(C)4 and d(G)4 respectively using different 
matrices (ANP, DHB and HPA) and co-matrices (NH4F and KF). There are several 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































potassium haIide co-matrices as compared to the corresponding spectra obtained using 
ammonium halides. First, the spectra generally exhibit significant multiplexes in the 
molecular ion regions of the oligonucleotides when potassium halides were used as co-
matrices. Second, there exists substantial low mass signals in some of the spectra 
which are presumably resulted from the prompt fragmentation of the molecular ions 
during, the phase transition process(es). Third, the signal intensities of the 
oligonucleotide molecular ions yielded are generally weaker as compared to those 
obtained with the use of ammonium haHdes. 
4.3J Adduct formation 
From the characteristic mass separations, the multiplex signals in the 
molecular ion regions were found result from the substitution of labile protons in the 
oligonucleotide molecules by the potassium ions. There are, however, distinct 
differences in the tendency of forming these metal adduct ions under different matrix 
systems. For D H B and HPA matrices, substantial potassium adducts peaks were 
observed. For ANP matrix, it is intriguing to observe that there was generally 
insignificant adduct peaks, even though the salt was added in a molar concentration 
5000 times to the oligonucleotides. 
Although the inhibiting effect of ANP matrix for the formation of metal ion 
adducts is not well understood, some ideas have been proposed to explain the absence 
of ammonium ion adduct peaks. It is tentatively suggested that the ammonium ions 
undergo exchange with the labile protons in the oligonucleotide molecules to form 
ammonium adducted molecules. Upon laser irradiation, all the phosphodiesteric H-N 
bonds would cleave to give free ammonia molecules and the free oligonucleotide 
molecules. Deprotonation of the desorbed molecules would lead to the formation of 
single molecular peak. The relative amount of ammonium and aUcali salt adducts in the 
solution mixture or crystallized solids is believed to depend on the relative 
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concentrations of these cations in solution during the mixing procedures. When a high 
concentration of ammonium salts is present in the sample mixture, ammonium ions 
become more competent towards cation exchanges. This argument is consistent with 
the observation that the use of ammonium co-matrices provides an effective way to 
eUminate the formation of multiplex molecular ions. 
4.3,2 Signal enhancement 
Though aUcaH metal salts are generaUy found to impose deleterious effects in 
the MALDI analysis of oligonucleotides，the potassium salts were found to improve the 
signals for the molecular ions of all the analytes studied using the ANP matrix. The 
enhancement effects of potassium halides were generally weaker than those of the 
corresponding ammonium salts. An interesting observation is that the degree of 
enhancement for potassium halides showed a similar trend as compared to the 
ammonium halides, i.e. F" > C1_ � B r ~ I_. Figure 4.5 illustrates the trend of the effects 
of ammonium and potassium halides on the signal intensities of [M-H]_ of pd(A)4 in 
ANP matrix. This provides further confirmation of the importance of the nature of the 
anions in choosing co-matrices. 
The differences between the degree of signal enhancement provided by the 
ammonium and potassium co-matrices clearly demonstrated that the cation of the co-
matrix also plays an important role in the MALDI processes. A plausible explanation 
for this observation is related to the ability of the ammonium ion to release ammonia gas 
upon laser irradiation. The ammonia gas generated might promote gas-phase cooHng of 
the desorbed oligonucleotides by removing their excess energy through collisional 
interactions [43，66]. This is consistent with the observations that ammonium salt co-
matrices assisted the formation of intact oligonucleotide molecular ions with Httle or no 
structural fragments. The extremely high efficiency of fluoride counter-anion for 




































































































































































































































small in size. Anions with high charge density strongly polarize the ammonium ion. It 
enhances the H-N dissociation and promotes the formation of cooling reagent, i.e. the 
expanding ammonia gas. 
The small but significant signal enhancement effects of the potassium haHde 
co-matrices could not be explained by collisional cooling of the desorbed 
oligonucleotide molecules. A possible explanation relates the influence on the 
interactions between the matrix and oUgonucleotide molecules through the incorporation 
of the salts [43]. The salts might form loosely bonded clusters with the matrix and 
analyte molecules, thereby isolating individual analyte molecule that would otherwise 
interact with each other and inhibit the desorption processes. With better "matrix-
isolation", a more efficient ejection of the analyte molecules / ions during desorption 
would be expected. 
4.4 CONCLUSIONS 
By comparison with the results obtained using the corresponding 
isomorphous potassium salts as co-matrices, it is postulated that the cations of the co-
matrices could play an important role in the MALDI processes. In addition to the 
=. eHmination of aUcaH metal adduct ions, ammonium salts are believed to promote cooHng 
of the desorbed intact analyte molecules I ions by giving off ammonia gas upon laser 
irradiation. It is also postulated that the signal enhancement effects of ammonium or 
potassium salts might result from their influences on the solid-state interactions between 
the matrix and analyte molecules. Incidentally, it was demonstrated that the ANP 
matrix exhibits a strong inhibitory effect on the formation of aUcali metal adducts in 
oUgonucleotide analyses. 
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C H A P T E R FIVE 
ANALYSIS O F H I G H M A S S O L I G O N U C L E O T I D E S 
5.1 INTRODUCTION 
From the systematic studies of various ammonium salts as co-matrices for 
three commonly used MALDI matrices, several potentiaUy useful matrix systems for the 
analysis of oligonucleotides have been found. Matrix systems involving the addition of 
ammonium fluorides into the 2-amino-5-nitropyridine (ANP) and 3-hydroxypicolinic 
acid (HPA) were shown to have good responses for all short-chain homopolymers of 
oligonucleotides. In order to further assess the effectiveness of these matrix systems 
for the analysis of longer oligonucleotides, attempts have been made to analyze long 
chain homopolymers of oligonucleotides and mixed-base oligomers using these matrix 
systems. Being the most widely used matrix for oligonucleotides, 3-hydroxypicolinic 
acid (HPA) (without combining with any co-matrix) was used as a reference matrix to 
evaluate the usefulness of these matrix systems. 
5.2 EXPERIMENTAL 
Initial experiments were performed on a series of 18-homopolymers of 
oligonucleotides, i.e. pd(T)ig, pd(C)ig, d(A)ig, d(G)ig. Since the results obtained for 
the d(A)i8 d(G)i8 using various matrix systems were found to be unsatisfactory, 
shorter chains, i.e. d(A)12 and d(G)12, were subsequently analyzed in order to 
distinguish the relative efficiencies of these matrix systems for the analysis of high mass 
oligonucleotides. Further experiments were carried out using binary mixed-base 
oligonucleotides, i.e. d(T4A4), d(T4C4), and d(T4G4). Finally, d(T4I4) was also 
analyzed, feosine (I) is related to adenine by the substitution of the exocyclic 6-amino 
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丨 I 
group by a keto oxygen or to guanine by substitution of the exocyclic 2-amino group by 
hydrogen. 
All oligonucleotides used in the present study were available commercially, 
with the phosphorylated samples purchased from Sigma Chemical (St Louis, M O , 
USA) while the non-phosphorylated ones from Biosynthesis Inc. (Lewisville, TX, 
USA). All the experimental results were obtained with an up-graded BifIex-TOF. The 
two 125 M H z transient digitizer boards were replaced with a digitizer equipped with 
four 250 M H z boards. A maximum of lGHz sampling rate, i.e. 1 nanosecond bin-
time, can be obtained. An integrated pre-amplifier was included to improve signal-to-
noise ratios. The saturated signal intensity of a mass spectrum is 2500 a.i.. 
5.3 RESULTS AND DISCUSSION 
As shown in previous Chapters, the introduction of the ammonium fluoride 
into the 2-amino-5-nitropyridine (ANP) matrix greatly improved the qualities of the 
M A L D I mass spectra of pd(T)g, pd(C)4, pd(A)4 and d(G)4. When ANP / NH4F 
matrix system is compared to the HPA matrix, much better MALDI signals are yielded 
for the analysis of homooligomeric deoxynucleotides of guanine (G). The performance 
of the H P A / NH4F system is even more superior. When it is compared to the HPA 
matrix, a dramatic improvement in molecular ion signals was found for the pd(A)4 and 
d(G)4. For the analysis of pd(C)4 and pd(T)g，both matrix systems yielded intense 
molecular ion signals (saturating the detector). Figure 5.1 (a) to (c) gives a summary of 
the typical MALDI mass spectra obtained with the use of the ANP / NH4F, HPA, HPA 
/ NH4F matrix systems. 
Figures 5.2 to 5.5 show a series of MALDI mass spectra of 12- or 18-
homopolymers of oligonucleotides, i.e. pd(T)ig, pd(C)i8, d(A)12, d(G)12 using 
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Figure 5.2. MALDI mass spectra ofpd(T),g in ⑷ ANP / NH^F , (b) HPA and (c) HPA / NH^F 
matrices. 
(• Fragmented ion corresponding to the backbone cleavage at thejunction 
ofphosphate and nucleoside.) 
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Figure 5.4. MALDI mass spectra of d(A)^ 2 in (a) ANP / NH,F ’ (b) HPA and (c) HPA / NH,F 
matrices. 
(• Fragmented ion corresponding to the backbone cleavage at thejunction 
of phosphate and nucleoside; 
<)-fragmented ion corresponding to the partial loss ofbase A, 
[ M - H - (117)J' where n = 1 - 4.) 
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Matrix| ANP/NH4F WK HPA/NH4F 
Analyte Typical signal intensity (a. i.) 
pd(T)i8 ! M * fooo 2m 
^ d ^ W 40 4 ! 0 
dO^ T^ ^ f ^ 
d ^ ND ND ^ 
* backbone cleavage is observed. 
•* base loss is observed. 
Table 5 1. Typical signal intensities ofthe [M-H]" for MALDI analysis ofpd(T)i8, 
pd(C)i8, d(A)12 and d(G)12 in A N P / NH4F, H P A and H P A / NH4F 
matrices. 
60 
pd(T)i8, intense deprotonated molecular ion signals were observed in aU matrix 
systems. This is consistent with the earUer findings that oUgodeoxythymidylic acids are 
comparably stable for analysis under MALDI conditions. For the analysis of other 
pd(C)i8, d(A)i2 and d(G)i2, weak or no molecular ion signal was observed in most 
matrix systems. Series of low mass ions were observed in many spectra which were 
presumably formed from the cleavages of the oligonucleotides along the phosphodiester 
Unkages. From the array of spectra of obtained under different matrix systems, it is 
clearly demonstrated that the addition of ammonium fluoride into the HPA matrix 
significantly enhanced the signal strength of the deprotonated molecular ions. 
With the use of the ANP / NH4F, HPA, HPA / NH4F systems, MALDI 
analyses of mixed-base D N A oligomers, d(T4A4), d(T4C4), d(T4G4) and d(T4LO were 
also carried out. Results are shown in Figure 5.6 to 5.9. Table 5.2 gives a summary 
of the typical signal intensity of the molecular ion and the fragmentation observed. In 
the HPA matrix medium, extensive fragmentation was found for d(T4A4), d(T4G4) and 
d(T4LO and severe base loss corresponding to the A, G and I was observed in their 
respective spectra. In the ANP / NH4F system, fragmentation due to base loss was not 
observed. However, extensive backbone cleavage at the phosphate group and the 
nucleoside usually occurred, especially for the analysis of d(T4LO in which intense 
fragments correspond to d(T4) and d(T3) were yielded. Compared to the use of HPA, 
similar signal intensity was yielded for the molecular ions of d(T4C4), dCr4G4) and 
d(T4U), but a much more intense peak was obtained for the dCr4A4). For the analysis 
using HPA / NH4F, much better signal quality and intensity were observed. There was 
no significant fragmentation for the anaIytes and a dramatic enhancement in signal 
intensities was found for aU the molecular ions, especiaUy for d(T4A4) and d(T4C4). 
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Figure 5.6. MALDI mass spectra 0fd(T,C4) in ⑷ ANP / NH,F，(b) HPA and (c) HPA / NH,F 
matrices. 
(• Fragmented ion corresponding to the backbone cleavage at thejunction 
of phosphate and nucleoside.) 
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Figure 5.7. MALDI mass spectra ofd(TA) ^  ⑷ ANP^^F，(b) HPA and (c) HPA / NH,F 
matrices respectively. 
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[ M - H - ( 1 1 7 ) J " w h e r e n = l - 4 . ) 
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Figure 5.8. MALDI mass spectra 0fd(T,G4) in ⑷ ANP / NH^F , (b) HPA and (c) HPA / NH^F 
matrices. 
(• Fragmented ion corresponding to the backbone cleavage at thejunction 
ofphosphate and nucleoside; 
^fragmented ion corresponding to the partial loss ofbase G, 
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Figure 5.9. MALDI mass spectra ofd(TJ,) in ⑷ ANP / NH,F，(b) HPA and (c) HPA / NH4F 
matrices. 
(々Fragmented ion corresponding to the partial loss ofbase I’ 
































































































































































































































































































































































































































































































5 . 4 CONCLUSIONS 
With the use of suitable ammonium salts as co-matrices, it is possible to 
construct better matrix systems. Two examples are the ANP INH4F and HPA / NH4F. 
The latter was shown to be more effective in the analysis of longer homopolymeric 
oligonucleotides and binary mixed-base oligomers. In aU cases, dramatic improvements 





C H A P T E R SIX 
CONCLUSIONS A N D F U R T H E R W O R K 
6.1 CONCLUSIONS 
As co-matrices, both cation and anion of the ammonium salts were found to 
play critical roles in affecting the MALDI mass spectrometric analysis of D N A 
significantly, and such influence was found to vary significantly with different matrix 
materials. The role of NH4+ is believed to eliminate the aLcali metal ion contaminants 
and to provide cooling for the desorbed molecules (Figure 6.1a). The latter is 
particularly important in the detection of the D N A molecular ions using MALDI-MS. 
The role of the counter-anions is believed to affect the proton transfer in the ionization 
of D N A (Figure 6. lb), ln addition, the ammonium salts could influence the solid state 
interactions between the matrix and D N A molecules. The introduction of suitable 
ammonium co-matrices widens the list of useful matrix systems for the MALDI-MS 
analysis of DNA. Examples are the ANP / NH4F and the HPA /NH4F systems, With 
the improved matrix materials, it is certainly a step forward in the use of MALDI-MS 
for D N A sequencing. 
As mentioned in the previous Chapters, a desirable matrix should pass at 
least three criteria, namely the absorptivity, volatility and reactivity. Upon the addition 
of ammonium salt, no changes should be imposed on the absorption coefficient or 
wavelength of a matrix, but the volatiHty might increase, especially witii the addition of 
ammonium salt with high sublimation rate. Though the mechanism for desorption is 
still not certain, reviewing the mechanisms proposed, most of them support that the 
more volatile the co-matrices used, the easier the desorption. For example, the "cool 
plume" model predicts that the entrained analytes were stabilized by the collision-
cooling effect of expansion plume, the use of a more volatile co-matrix can therefore 
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Figure 6 1 Diagrams showing ⑷ the evolution 0fNH3 from ammonium ion during MALDI process and 
(b) the role of the counter ion of ammonium salt as a proton acceptor. 
69 
provide better cooling environment; whereas in the "bottleneck" model the high rate of 
subHmation can also be enforced by the use of a highly volatile co-matrix. 
6 . 2 FURTHER WORK 
To confirm the hypothesis of the cooling effect provided by ammonia, 
experiments are now in progress to measure the extent of metastable decay for 
oligonucleotide molecular ions generated under these conditions. Though MALDI has 
proven its applicability in the area of D N A analysis, more has to be done before it can 
become a realistic D N A sequencing tool. There is a need to improve matrices so as to 
decrease the amount of adduct ion formation, minimize metastable decay and increase 
ionization efficiencies. Resolution has to be improved by further instrumental 
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